INTRODUCTION

Problem statement
Carbonate isotope and trace metal analyses have generated useful data sets for palaeoceanographic reconstructions of pelagic environments. Despite significant improvements in analytical techniques, doubts exist concerning the usefulness of data from bulk sample analysis as reliable indicators of palaeo-seawater chemical composition 1, 2 . This is especially true for carbon and oxygen isotopic studies, where questions remain as the reliability of interpretations because the bulk carbonate data represent an average of different environmental characteristics (in situ production in surface or bottom water-masses, export from shallow environments, post-deposition precipitation and so on). Even if biogenic particles dominate the calcareous assemblages, a bias indubitably arises from discrete isotopic offsets related to distinct calcification environments (depths, season) and/or different vital effects of the various carbonate producers.
Objectives of this technique
The geochemistry of calcareous nannofossils, and its potential in surface-water reconstructions, has attracted considerable attention over the past 10 years because they are the dominant carbonate component in pelagic sediments since the Jurassic period, ca. 200 Myr ago, and because they are both a major carbonate producer and sink for carbon, which has implications for the regulation of past and future climates ('Anthropocene' Earth). As calcification in phytoplanktonic organisms is restricted to the photic zone, selective analyses of coccoliths could capture more precise and reliable data for estimating palaeoseawater chemistry.
The purpose of our technique is to isolate monotaxic assemblages for measuring their specific geochemical compositions. We describe a protocol on the basis of microfiltration and ultrasonic treatment that enables the isolation of various fractions of a sediment. We also describe sediment preparation steps that make this technique suitable for different lithologies, irrespective of the original particle assemblage.
Previous techniques and alternative methods
Species-specific analyses are routinely performed on foraminifera and have generated valuable data sets for palaeo-seawater reconstruction (e.g., through the Neogene 3 ). These calcareous microfossils are relatively large (463 mm), so manual picking is appropriate to extract them from washed and sieved residues of marine sediments. Such an approach is not possible for separating o20 mm-sized particles, such as nannofossils and diagenetic crystals. A number of techniques have, however, been published in this end [4] [5] [6] [7] , using wet sieving and decantation-centrifuge. Sieving may not be successfully used to manage coccolith separation because the classical mesh apertures are larger than the size of most nannofossils, and the squared structure of sieves impairs efficient separation of flat particles such as coccoliths. Decantation/centrifuge separates particles according to their relative weights, densities and flatness but is difficult to calibrate, as settling laws are described for spherical objects only and the influence of convection currents in settling tubes is ignored. Thus, both of these techniques prove rather inefficient for separating coccolith taxa.
In addition to these more conventional methods, three studies have brought significant advances to calcareous nannoplankton geochemistry:
A study of Quaternary calcareous oozes using an automated decanting device on o38 mm-sieved fractions 8 . The decantation was repeated up to ten times to purify the fractions that are enriched in calcareous nannofossils (o50%).
A technique was developed, on the basis of repeated decanting steps of o32 mm-sieved fractions, subsequently treated using density-stratified columns 9 . A small quantity of material was poured into a graduated tube and, after 5 h settling, small aliquots of suspension were taken from six different depths in the density column. As a result, the main taxon components ranged from between 40 and 90% in mass.
Most recently a micropicking method using an inverted light microscope and micromanipulator has been described 10 .
Although permitting ion probe measurements on few individual nannofossil specimens, this technique is hugely time consuming, requires expansive apparatus and is suitable for only the largest nannofossils.
The protocol described here is that first originally described 14, 15, 20 have been evolved that are incorporated in this protocol. More significantly, we provide here a step-by-step procedure enabling its easy implementation.
Overall strategy for separating micron-sized sedimentary particles Factors for consideration in separating calcareous particles.
The major contributors to pelagic calcareous sediments are foraminiferal tests, coccoliths, calcareous dinoflagellate cysts (calcispheres) and nannoliths. Among these biogenic particles, the predominant size range of the nannofossils is from 2 to 25 mm, with certain taxa restricted to particular ranges ( Table 1) . Apart from separating the nannofossils from coarse foraminifera, their fragments and fine carbonates (micarbs), microfiltration within the 2 to 25 mm-size spectrum can efficiently separate nannofossils' taxa from each other. Further 'purification' can be achieved by reducing the size ranges of target particles by exploiting their differential gross morphological structures ( Table 1) .
Granulometric separation: microfiltration. The separation of o20 mm particles is achieved by microfiltration, using polycarbonate membranes etched by well-calibrated, cylindrical pores ( Fig. 1) . The membranes act like sieves, with particles smaller than the pores passing through the membrane being physically separated from the larger ones that remain on it. These filtering media can be confidently used because (i) they are physically resistant, (ii) they are chemically inert, so do not induce any chemical contamination and (iii) their smooth surfaces allow easy recovery of the material after treatment. These membranes are classically used in solid-liquid separation with Nalgene or polycarbonate filtration units. For solid-solid separation, as described herein, we have devised a separation column using a versatile screwthread system (SVL42) pyrex tube (Fig. 1) Selective breakage of particles by strong ultrasonic supply. The reduction in the size of particles is obtained by targeted breakage using an ultrasonic disintegrator (Fig. 2) . Such a treatment causes violent implosions of air bubbles by cavation, which expose the particles to strong acceleration likely to induce their breakage. Monocrystals and blocky nannofossils (e.g., Crepidolithus, Nannoconus, Micula) are relatively resistant to this treatment, whereas other polycrystalline biogenic structures (e.g., calcispheres, discoasters and delicate coccoliths) are more susceptible. After treatment, an additional filtration is applied for separating fragments of fragile nannofossils from unaltered resistant particles. . Sodium hypochlorite solution, 13% active chlorine, for organic-rich samples as black shale or sapropel ! CAUTION Toxic. Store in a cool, dry and well-ventilated area. May be hazardous at high concentrations. Manipulate under fume board, use gloves and wear safety goggles during REAGENT SETUP. EQUIPMENT . 47 mm polycarbonate membranes (Millipore, cat. nos. TKTP04700 for 12 mm; TCTP04700 for 10 mm; TETP04700 for 8 mm; TMTP04700 for 5 mm; TSTP04700 for 3 mm; TTTP04700 for 2 mm)
MATERIALS
. Housing for membrane can be any universal screw thread setting fitting with the membrane diameter (Bibby Scientific, cat. no. SVL42):
. 200 mm-long Pyrex tube . silicone butt joint acting as sealing ring . drilled plastic cap . 400 ml-tall form beaker set with a factory-made outflow (2 cm glass horizontal tube with external diameter 9 mm fused 1 cm below the top of the beaker)
. Collection vessel (e.g., 1L beaker or any other container) . Polyvinyl chloride (PVC) flexible (internal diameter 8/9 mm) to be set . The deionized water (usually near pH 5.5 due to its under-saturation with respect to alkaline ions as Ca 2+ ) must be neutralized to avoid calcite dissolution. Required 'neutralized deionized water' thereinafter is obtained by addition of 5% ammonia in deionized water (check with pH paper). As an indication, appropriate alkalinity (pH 8) is reached by adding 0.5 ml of 5% ammonia in 5 liters of deionized water. . The sodium hypochlorite solution is used pure and also without ammonia addition. EQUIPMENT SETUP Microfiltration column 1. Set the round joint around the nonthreaded end of the tube (Fig. 1) . 2. Set the SVL42 tube top-down (threaded end up) on a bench. 3. Place the silicone butt joint on the top of it, wet it with deionized water and place the filtration membrane (shiny side down) on it. 4. Gently screw down the drilled cap to tighten the membrane horizontally.
m CRITICAL Over-tightening of the screw can cause folding of the filter around the edges, which may damage the filter. 5. Set PVC flexible (15 cm length) around the outflow tube of the beaker. 6. Fill the outflow beaker with neutralized deionized water up to the outflow. 7. Place this beaker into the ultrasonic bath. 8. Fill the ultrasonic bath. 9. Place the end of the PVC tube in the collecting vessel. 10. Immerge the base of the filtration column 1 cm deep in the outflow beaker. m CRITICAL The column must be immerged obliquely to evacuate the air volume otherwise trapped below the membrane. Air bubbles may be completely removed by a rapid, oblique immersion of the column in the outflow beaker. 11. Fix the filtration column to the stand by laying the round joint onto the clamp. m CRITICAL The column clamp should not be firmly fixed to the clamp to avoid attenuation of ultrasonic waves. Disintegrator apparatus 1. Clamp the disintegrator horn and thermal probe to the stand (Fig. 2) PROCEDURE Sample preparation and fine fraction sieving 1| Disaggregation of sediment. Weigh an aliquot of sediment. Usually, about 5 g are appropriate to provide sufficient material in each separated fraction for optical and geochemical analyses and is not too great an amount for the filter to cope with. The nature of the sample dictates the method of disaggregation. We describe routes for: nonlithified pelagic sediments (oceanic oozes, option A), indured sediments (limestones, option B), clayey sediments (marls, CaCO 3 o50 wt%, option C) and organic-rich sediments (black shales, total organic carbon 45 wt%, option D). 2| Recovery of coarse fractions. Sieve the disaggregated suspension through 315 and 50 mm sieves (depending on the microfossil assemblage, any additional sieving step may be applied).
3| Oven-dry (60 1C, overnight) and weigh all residues.
4| Inspect all fractions under a binocular reflecting-light microscope. Where possible, extract microfossils by conventional manual-picking techniques 7 .
Microfiltering steps 5| Implementation of a microfiltering step. Dilute the suspension to be filtered according to Table 2. 6| Set the output power of the ultrasonic tank as given in 7| Pour few milliliters of neutralized water into the filtration column to initiate the filtration.
8| Switch on the ultrasonic bath.
9| Pour the suspension to be filtered into the filtration column (Fig. 1) .
10| Ensure the efficiency of the filtration by observing the filtrate (turbid suspension) mixing with pure water below the membrane. The volume of suspension in the filtration column rapidly decreases at the beginning of the treatment. Meanwhile, the beaker fills up to the outflow level, and then the excess suspension flows down to the collecting vessel.
? TROUBLESHOOTING 11| At the end, when only few milliliters of slurry (filtration retentate) remain on the membrane, take off the filtration column. Set the retentate aside in a 200 ml beaker.
12| Set the column back and replenish it with the suspension to be filtered. Steps 11 and 12 must be repeated until all materials are processed.
13| When filtration is complete, stop the ultrasonic bath.
14| Take off the filtration column and set the retentate aside in the beaker.
15|
Combine the filtrate suspensions contained in the outflow beaker and the collecting vessel.
16| Purity control of obtained fractions. Check the granulometric homogeneity of both retentate and filtrate by smear-slide inspection; evaporate 1 ml of the suspension on a cover glass. Set the cover glass on the smearslide with optical glue.
? TROUBLESHOOTING 17| Oven-dry (60 1C) and weigh the retentate.
18|
Reserve the filtrate for further process if required; if not, centrifuge it (4000 r.p.m., 10 min). Oven-dry (60 1C, overnight) and weigh it.
Strong ultrasonic treatment 19| Intended particle breakage. Weigh a 500 mg aliquot of sample (bulk sample or granulometric fraction).
20| Switch on the ultrasonic digital unit.
21| Pour 200 ml of neutralized water into the heavy-duty beaker.
22| Stir the aliquot in the beaker.
23| Immerse the disintegrator horn.
24| Start the sonicator. ! CAUTION Long-term treatment could damage your hearing. Use of protective ear-muff is highly recommended. m CRITICAL STEP Proceed in short, incremental steps, followed by smear-slide observation to check results. This allows to control the particle breakage. As an indication, these steps may be run for 2 min for hollow particles (e.g., calcispheres) and nannofossils with nonoverlapping crystal units (e.g., discoasters); 5 min for coccoliths with strongly imbricate crystal units.
25|
After the treatment, switch off the sonicator.
26| Take the sonicator horn off the suspension.
27| Centrifuge and remove the supernatant, which contains dissolved carbonates.
28| Investigate the modified assemblage by smear-slide observation and select the target size fraction. ? TROUBLESHOOTING Troubleshooting advice can be found in Table 3 .
ANTICIPATED RESULTS
Here, we illustrate the results of microgranulometric separations and combining strong ultrasonic and microfiltering steps applied to various lithologies. Although fractions obtained in this way can be used for a variety of applications, we present herein palaeoceanographical and biogeochemical insights derived from carbon and oxygen isotope proxies to illustrate the potential of this protocol [13] [14] [15] [16] [17] [18] [19] . [13] [14] [15] . Pretreatments were applied as described in Step 1A followed by microfiltering steps at 12, 8, 5 and 3 mm. Compositions of the fractions are similar for both samples as summarized in Table 4 , and illustrated by microphotographs in Figure 3 . In detail, the coarse fractions contain exclusively foraminifera tests, either entire specimens (4315 mm, 50 to 315 mm fractions obtained by sieving) or fragments (12 to 50 mm fractions recovered by the first filtration step Table 4 . Coarse particle abundance is very low (rare foraminifera). Smooth prism monocrystals dominate the 8 to 12 mm fraction, but they coexist in a same proportion than T. operculata calcispheres in the 412 mm fraction. The 5 to 8 mm and 3 to 5 mm fractions consist of calcareous nannofossil assemblages. The finest fraction is mainly composed of micarb fraction, dominant with respect to coccolith debris, originally present in the pristine sample.
Black shales. Similar microfiltering steps can also be efficiently applied on organic-rich sediments as black shales (Fig. 4a) 19 , but require previous specific treatment to remove the organic matter 6 as described in Step 1D. Once the carbonate particles are unbound from organic-cemented flakes, it is possible to separate coccolith species from each other and from other abiogenic carbonate particles 19 . Thus, it has been possible to process black shales from the Lower Toarcian in Paris Basin ('Schistes carton' Formation, ca. -185 Ma) in which the mean organic content reaches 10 wt% (phytoplanktonic organic matter) and carbonate content 30 wt%. After oxidation of the sample, cascade microfiltering steps have provided numerous coccolith-dominated fractions as exemplified on a 3 to 5 mm fraction from Bascharage section in Luxembourg (Fig. 4b) .
Further enrichments in obscure particles using ultrasonic treatment Two examples for this treatment are described: (i) recovery of Discoaster rays from the Pliocene ooze; and (ii) recovery of Thoracosphaera fragments from Palaeocene marl.
Recovery of Discoaster rays from the Pliocene ooze. From the 8 to 12 mm fraction obtained for Pliocene ooze, a strong ultrasonic treatment (400 W, 20 min) was carried out to break up star-shaped Discoaster by dismembering their monocrystalline rays from each other (Fig. 5) 13, 15 . As produced particles have a low-size spectrum, they can be recovered in the filtrate of an additional filtration at 8 mm (Fig. 6a) , whereas resistant foraminiferal fragments keep their pristine sizes and are concentrated in the retentate.
Recovery of Thoracosphaera fragments from Palaeocene marl. A strong ultrasonic step (400 W, 10 min) 16 was implemented on a blend of biogenic/diagenetic assemblage originally recovered in the 412 mm fraction of Palaeocene calcareous clay. During this treatment, the calcispheres are fragmented into small (o12 mm) debris consisting of irregular chips because of their hollow structure, whereas massive diagenetic crystals remain unaffected. A subsequent filtration at 12 mm has afforded isolation of the two components. As a result, the o12 mm fraction is highly dominated by calcisphere debris (Fig. 6b) , and the o12 mm assemblage is pure in monocrystals (Fig. 6c) . 
Biogeochemical and palaeoceanographical insights
The main purpose of the separation method is to perform specific geochemical analyses on monogenetic assemblages. From examples presented above, we combine quantification of sedimentary components and targeted geochemistry. These are discussed under the headings: differential vital effect evaluation; and refinement of microcalcitic particles characterization.
Differential vital effect evaluation. Isotopical signals measured on Reticulofenestra, Thoracosphaera and Discoaster assemblages represent innovative data sets capable of generating further advances in palaeocenography and calcareous nannoplankton biogeochemistry. Separating nannofossils from each other helps in evaluating their differential vital effects 13, 22 , seek bias in the geochemical record caused by producer assemblage change and eventually derive actual seawater fluctuations. Taxa for which culture studies provided isotopic fractionation factors [23] [24] [25] may be used as 'anchor points' for estimating fractionation ranges for other taxa in the same assemblage 22 . Alternatively, applied isotopic corrections can be approximated from closest living relative data 26 . For example, we illustrate such an approach by comparing Reticulofenestra spp. coccolith data with discoasterids to infer the underexplored biogeochemistry of these extinct taxa. In the Pliocene ooze from site 74, calcite oxygen isotope composition of Reticulofenestra coccolith and Discoaster are À0.60% and À0.40%, respectively (Fig. 7a) . Assuming that both organisms thrive together in the upper photic zone [27] [28] [29] , this +0.20% offset in oxygen isotopes may be ascribed to a differential vital effect. Then, using a À2.00% correction factor for oxygen isotopes of Reticulofenestra coccoliths 24, 30 , we can tentatively infer a À2.20% absolute vital effect for the considered discoasterids. Other examples should be studied to further constrain Incertae sedis discoasterid biogeochemistry. Beyond this example, such an approach is possible for most nannoplankton taxa.
Refinement of microcalcitic particles characterization (so-called micarbs). The origin of micarbs drew considerable debate 31, 32 . However, their characterization and quantification are difficult from microscopic inspection of bulk sample because this phase forms a cryptocrystalline background in smear-slide, even at high magnification. When appropriately used (neutralization of deionized water, gentle ultrasonic treatment), the presented protocol preserves the pristine size and shape of particles. As a consequence, micarbs gathered in o3 mm fraction were originally present from pristine samples. Innovative results generated for this finest fraction (Table 4 ) challenge the importance of micarbs with respect to definite biogenic components as illustrated previously with the same protocol [17] [18] [19] . Being capable to isolate and concentrate micarbs from coarser particles, this protocol may afford to greatly improve their optical and electronic observations, and also to provide access to their geochemical composition. For Neogene oozes, neither the abundance nor the nature of such a microcrystalline phase can be confidently deduced from bulk observation (Fig. 3, see bulk sample) . However, o3 mm fractions provide more details on these micarbs because the weight of these fractions allows a direct measurement of their relative mass contribution with regard to the whole sample. Moreover, as they are concentrated in this fraction, their observation is not hampered by coarser particles. In this case, this phase comprising 28% and 45% for both treated pelagic oozes ( Table 4 ) is mainly derived from nannofossil fragmentation (Discoaster and Reticulofenestra fragments). This may also be inferred by geochemical data because both isotopic signatures are relatively close: for site 758A Miocene ooze (Fig. 7a) , o3 mm fraction signatures are intermediate between coccolith fraction (3-5 mm) and discoaster fraction (5-8 mm), and for site 74 Pliocene ooze (Fig. 7b) , micarb isotopic signatures (o3 mm fraction) are indeed similar to coccolith-rich ones (3 to 5 mm and 5 to 8 mm fractions).
For ancient and lithified deposits, micarb nature and origin are more complicated and challenged by the diagenetic overprint. This phase is thought to be involved in cement buildup during the sediment burial 33 . Through our example for the lowermost Palaeocene calcareous clay from Bidart, recognizable coccolith fragments dominate over other components in the o3 mm fraction. These observations were originally not possible from bulk observation of this low-carbonate sediment. Assuming that these nannofossil fragments have the same isotopic composition as entire specimens collected in both 3 to 5 mm and 5 to 8 mm fractions, this may imply that the non-coccolith-derived monocrystalline phase has more positive isotopic signatures (Fig. 7c) . According to our data, micarbs did not only originate from diagenetic precipitation and should be used for better constraining of the diagenetic environment in which this cryptocrystalline phase mineralizes.
However, these results challenge our view about the importance of micarbs in sediment because they represent a considerable part of the carbonate fraction with respect to other biogenic particles. Although common to all processed samples, their actual importance in pristine sediment should be further investigated, in particular regarding the possibility that they derive from fragmentation during treatment. 
